The mechanism(s) of interaction between Mycoplasma pulmonis and eucaryotic cells was studied by adherence to Mycoplasma pneumoniae, Mycoplasma gallisepticum, and Mycoplasma pulmonis are cell wall-less procaryotes which colonize the mucosal surfaces of their specific hosts (humans, poultry, and rodents, respectively) (34). Since their pathogenic potential seems to stem from membranemembrane interactions with eucaryotic cell surfaces (34), these interactions are of particular interest. M. pneumoniae and M. gallisepticum host cell receptor sites are neuraminidase sensitive, and the adherence sites on the mycoplasmas are proteolytic sensitive (2, 3, 7, 10, 13). Further, hemadsorption and adherence are related since both are affected by proteolytic and neuraminidase treatments (10, 24, 25) . M. pulmonis, unlike M. pneumoniae (16) and M. gallisepticum (2), does not have a readily apparent attachment organelle (4-6). Also, preliminary nonquantitative studies with M. pulmonis indicate that its interactions with eucaryotic cells are not neuraminidase sensitive (18, 19, 26) and are thus not amenable to the same type of analysis.
capabilities, mycoplasmas must acquire host cell components for growth. Since some of these materials, such as fatty acids, cholesterol, and nucleic acid precursors, are not readily diffusible across the aqueous milieu of the mucosal cell surface or are compartmentalized within the cell, the mycoplasma must maintain an intimate association with the cell membrane to acquire them. Active acquisition of these materials by mycoplasmas is conjectural at this time, but it is certainly possible that M. pulmonis has surface structures which can function in vitro or in vivo to acquire host membrane components and other cellular constituents.
M. pulmonis-eucaryotic cell interactions could best be studied by a simple, reproducible model based on a cell which (i) could be probed or modified with a variety of agents while retaining the molecular topography of the eucaryotic cell surface, (ii) is not subject to alterations of its * Corresponding author. membrane composition and structure by external stimuli, and (iii) is available in essentially a pure state, in large quantities. Erythrocytes (RBCs) were chosen for the present studies because they meet all of these criteria and also because of our detailed knowledge of their membrane structure, including the receptor sites for M. pneumoniae and M. gallisepticum.
The specific objectives of the present study were to quantitate and characterize adherence (the first step in cell association), and to investigate hemagglutination (HA) as a means of defining possible surface lectin activities which may mediate cellular communication (28) . The results give further evidence that the mechanisms for cell association of M. pulmonis are fundamentally different from those of M. pneumoniae and M. gallisepticum and that M. pulmonis adherence and HA are mediated through two distinct mycoplasma components. Based on these findings, a multistep model for cell association by M. pulmonis is proposed.
MATERIALS AND METHODS Microorganisms. Strain UAB6510 (fifth artificial passage) of M. pulmonis was used throughout this study. It was originally isolated from the lungs of a naturally infected rat and was cloned three times and identified as a pure culture by immunofluorescence (9) .
Growth media and culture conditions. Edwards medium was used to grow radiolabeled organisms for the RBCbinding assays (31) . For the HA studies, M. pulmonis was grown in dialyzed medium to reduce broth component contamination (29) . The dialyzed broth base was prepared as described (29) except that brain heart infusion (Difco Laboratories, Detroit, Mich.) was used in lieu of soy peptone. The dialyzed base was supplemented with 10% agamma horse serum (GIBCO Laboratories, Grand Island, N.Y.), 0.5% glucose, and 0.05% thallium acetate (Sargent-Welch Scientific Co., Skokie, Ill. (33) . A human breast milk oligosaccharide fraction was prepared by the method of Kobata (20) and contained greater than 300 mg of carbohydrate per ml by the anthrone reaction (35) .
Regeneration of the hemagglutinin. Regeneration of the hemagglutinin was tested by incubating trypsin-treated mycoplasmas in HBSS nonreplicative maintenance medium for 5 h at 37°C, washing once with PBS, and then testing for HA activity. Portions of the trypsin-treated organisms were also incubated in the presence of 100 ,ug of chloramphenicol per ml (Merrell Pharmaceuticals, Inc., Cincinnati, Ohio) or 40 ,ug of mitomycin C per ml (Sigma).
Statistical analysis. The data from each group of experiments were analyzed by analysis of variance. Variation was considered significant at a P value <0.05. ( Fig. 2) . However, trypsin-treated RBCs (tRBCs) bound M. pulmonis better than normal RBCs (P < 0.001). This increased binding could be removed by trypsin treatment of the mycoplasma. M. pulmonis bound more efficiently to lymphocytes than to RBCs (P = 0.009), but no difference was observed between tRBCs and lymphocytes. Trypsin treatment of the lymphocyte population had no effect on mycoplasma binding, but trypsin treatment of M. pulmonis increased binding to lymphocytes (P = 0.003).
RESULTS
HA. To test the possibility that M. pulmonis could bind to cryptic RBC receptors (32) and cause agglutination, trypsinized as well as nontrypsinized RBCs were tested in a HA microtiter assay. In confirmation of earlier reports (24) , no HA was observed with untreated RBCs. After trypsin treatment, however, the RBCs were agglutinated by M. pulmonis.
The effect of formaldehyde treatment of the RBC was tested by comparing tRBCs with and without formaldehyde treatment. In addition, formaldehyde-fixed tRBCs were treated with PBS plus 100 mM glycine or 50 mM Tris, pH 7.3, to block any possible chemical reactive sites. Nontrypsinized, formaldehyde-fixed RBCs were also tested. In all cases formaldehyde had no effect on HA.
M. pulmonis agglutinated formaldehyde-fixed tRBCs from all animal species tested (100 to 400 HA units per mg of protein). Sonication of the mycoplasma suspension under mild conditions was necessary to achieve maximum HA activity (at least a fourfold increase), but it had no effect on mycoplasma viability (data not given). This increased activity was due to disruption of mycoplasma aggregates, as determined by acridine orange staining.
Effect of culture conditions on HA. To test the possibility that HA activity is sensitive to medium effects, organisms Other substances found to have no effect on HA were sodium azide (0.02%), 2-mercaptoethanol (0.1%), ovalbumin (10 mg/ml), and fetuin (10 mg/ml). The latter was also tested in the adherence assay (1 mg/ml) and found to have no effect.
To test the possibility that media contaminants were responsible for HA, complete media (1:1 dilution in PBS), horse serum (1%), bovine serum albumin (1%), and fetal calf serum (i%) were tested and found to have no effect.
The effects of EDTA and ethylene glycol-bis(P-amino ethyl ether)N,N,N',N'-tetraactic acid on HA were also tested at various concentrations with human RI3Cs. There was no effect at 0.1 mM, but higher concentrations showed reduced activity: 70% of control at 1 mM and 35% of control at 10 mM. When M. pulmonis was treated with 1 mM EDTA or ethylene glycol-bis(,-amino ethyl ether)N,N,N',N'-tetraacetic acid for 1 h at 37°C and then washed and tested, less than 10% of the HA activity remained in the preparations (data not given).
Glutaraldehyde treatment of M. pulmonis did not affect adherence to RBC but did eliminate all HA activity (data not given). Heat treatment (56°C, 15 min) inhibited both adherence and HA (data not given).
Effect of salt, temperature, and pH on HA. In addition to lectin activities, bacterial adhesion is also mediated by hydrophobic interactions (22) which are sensitive to salt concentrations, temperature, and pH (8) . In the absence of NaCl (Fig. 3) , there was no HA, and there appeared to be a linear relationship between HA and NaCl concentrations in the range of 12 to 40 mM. Magnesium and calcium could replace NaCl in the buffer at 1 to 10 mM, but not at 0.1 mM (data not given). HA was also reduced by 85% at 4°C as compared with 23 and 37°C (data not given). The pH of the buffer had no effect on HA in the physiological range of 7.0 to 8.0, but there was a reduction to 35% of control at pH 6.5 (data not given).
Enzymatic treatment effects on HA. In contrast to adherence ( Fig. 2) (24) . The abilities to adhere and hemadsorb and the inability to agglutinate untreated RBCs seem contradictory since these phenomena all require interactions with the RBC surface. Several explanations for these discrepancies are possible. Weak binding interactions of individual organisms may be sufficient to cause hemadsorption on colonies, but may not be strong enough to effectively cross-link RBCs, thereby causing agglutination. Adherence, and possibly hemadsorption, may be univalent in nature, or once bound, M. pulmonis may lose its affinity for other RBC adherence receptor site(s). Another possibility, which is suggested by the present studies, is that adherence and hemadsorption are mediated by mycoplasma elements other than those involved in I4A, and that their respective host cell receptor sites are different.
Adherence and HA have been differentiated in the present studies by proteolytic and glutaraldehyde sensitivities. Failure of RBC adherence to be blocked by proteolytic, neuraminidase, and glutaraldehyde treatments is consistent with the failure of these treatments to block adherence of M. pulmonis to mouse macrophages (18) . Thus, the similarities of M. pulmonis adherence to both RBCs and macrophages suggest that the RBC is a valid model in investigations of M. pulmonis-eucaryotic cell interactions at the cellular and molecular levels.
Hydrophobicity plays an important role in bacterial adhesion, as has been shown with Salmonella sp., Escherichia coli, and Neisseria gonorrheae (23) . The requirement for salt and the sensitivity to temperature indicate that both M. pulmonis adherence to fresh RBCs and agglutination of tRBCs are hydrophobic interactions. Since proteolytic treatment of the mycoplasma was capable of removing HA activity, an M. pulmonis protein seemed to be involved. The protein nature was further established by regeneration experiments in which chloramphenicol, but not mitomycin C, blocked regeneration of the HA activity. Thus it appeared that an M. pulmonis membrane protein(s) was capable of interacting with the opposing RBC surface through hydrophobic interactions.
To incorporate the separate phenomena of adherence and HA into a working hypothesis, we propose that the interaction of M. pulmonis with eucaryotic cells is a multiphasic process involving an initial recognition event, the exposure of additional binding sites by the induction of membrane Trypsin treated, incubated in HBSS + chloramphenicol 0 a Organisms were treated with trypsin (100 ,ug/ml of M. pulmonis protein) for 1 h at 37°C, washed with PBS, and placed in regeneration media or tested directly for HA activity with human RBCs. Controls consisted of nontrypsinized organisms. Mitomycin C concentration was 40 pg/ml; chloramphenicol concentration was 100 Fg/ml. b Data represent the mean ± standard deviation of three experiments. Each treatment was tested in duplicate. ' HBSS, Hanks balanced salt solution with 0.5% glucose, 10% dialyzed horse serum, and 10 mM HEPES, pH 7.5. Incubation time was 5 h at 37°C. The organisms were then washed and tested for HA activity.
d Significantly different from the trypsin-treated only group (P < 0.001).
e Significantly different from the trypsin-treated only group (P < 0.001) and HBSS + chloramphenicol group (P < 0.001).
protein diffusion on the eucaryotic cell surface, and the recognition and binding to these additional receptors by the mycoplasma (Fig. 4) . The culmination of these events is an intimate association between the membranes and a possible avenue by which M. pulmonis parasitizes host membrane surfaces.
The initial recognition event in M. pulmonis-eucaryotic cell interactions very likely involves long-range, attractive, hydrophobic forces because of (i) the large number of cell types to which M. pulmonis can bind (4-6), (ii) the seeming inability of the hydrophilic mucosal secretions to block attachment, and (iii) the results of the present studies which indicate a salt-dependent, temperature-sensitive interaction during adherence (22) . Once this initial contact has been made, repulsive forces (electrostatic pressure) could induce molecular rearrangements in the host cell surface topography through diffusional movements of highly charged membrane proteins, thereby exposing additional interaction sites on the cell surface and reducing the electrostatic pressure in the immediate vicinity (30) . This type of rearrangement, for instance, is a general characteristic of contact and fusion events between opposing membranes (21) . Finally, an M. pulmonis specific protein(s), now influenced by a reduced electrostatic pressure, could recognize these additional binding sites, and the membranes could become firmly anchored in intimate association. In this model, the initial binding interactions are represented by the adherence of M. pulmonis to untreated RBCs. The second phase of interaction is represented by the HA of tRBCs.
The observation that trypsin treatment of the RBC is required for HA can be explained by the proposed model. Under normal conditions, a rearrangement of surface macromolecules could be required for exposing the second phase or HA receptor sites. The surface glycoproteins on RBCs, however, are firmly anchored in the membrane through the cytoskeletal network (14) and are unable to diffuse in response to the approaching mycoplasma surface, unlike other eucaryotic cell types. Trypsin treatment is required to remove these overlying glycoproteins, primarily glycophorin (17) , and to expose the underlying HA receptor sites.
The effect of trypsin treatment on M. pulmonis binding to human RBCs and rat spleen lymphocytes lends support to this model. If overlying glycoproteins on the RBC surface shield HA binding sites, removal of these proteins should be accompanied by an increase in binding. This was shown to be the case. Further, additional binding activity was removed by trypsin treatment of the mycoplasma, demonstrating that trypsin-sensitive proteins can be involved in cell association once their receptor sites are exposed. If these receptors are present on other cell types which exhibit freely diffusible membrane glycoproteins, then M. pulmonis should be able to recognize these receptors without the need for trypsin treatment. Lymphocytes showed increased binding of M. pulmonis when compared with RBCs but not with tRBCs, which bound equal amounts of mycoplasmas. Trypsin treatment of the lymphocyte had no effect on binding and thus additional receptor sites were not uncovered by proteolytic treatment. This suggests that receptor sites comparable to those exposed on tRBCs are accessible to the mycoplasma on the lymphocyte cell surface. It should be noted that trypsin-treated M. pulmonis appeared to bind better to lymphocytes than untreated mycoplasmas. This could be due to the inherent differences in the membrane composition and structure between the cell types. More likely though, the increase could be due to residual macrophages in the lymphocyte preparations, since they have been shown to actively phagocytize protease-treated M. pulmonis but not untreated mycoplasmas (18) . The 2 to 5% macrophage contamination in the preparations could account for the apparent increase in binding.
Previous observations of M. pulmonis interactions with mucosal epithelial surfaces suggested that its interactions were different than those described with M. pneumoniae and M. gallisepticum (4-6). Adhesion to host cells was mediated by a generalized interaction with the mycoplasma membrane (which conformed to the shape of the cell) rather than by a specialized attachment tip. In addition, electron micrographs indicated alterations of the host membrane at the site of M. pulmonis attachment. These alterations seemed to resemble an intercellular junction, i.e., a nexus. In some instances, membrane fusion appeared to occur between M. pulmonis and the host cell; thus, the morphological evidence of M.
pulmonis-host cell interactions in vivo suggests that adhesion is not a simple attachment event.
This model is speculative, and other possibilities exist for interpretations of this data. It is possible that lymphocyte receptors differ categorically from RBC receptors and that lymphocytes may simply express additional M. pulmonis receptors or the same receptor in greater numbers on their surface. Alternatively, the RBC receptors may be unique, and similar receptors may not be present on other cell types. If so, a comparison between RBCs and other mammalian cells may not be useful. It should be noted, however, that both the lymphocyte receptor and the high-affinity RBC receptor are trypsin resistant. This lends credence to the idea that similar receptor sites for M. pulmonis exist on many, if not all, mammalian cells, including RBCs. Thus the RBC surface would adequately represent the mammalian cell surface seen by the mycoplasma during in vivo colonization.
In summary, the present studies indicate a multiphasic mode of cell association by M. pulmonis. One phase is expressed as HA of tRBCs. This activity is sensitive to treatments which have been shown to remove or alter mycoplasmal membrane proteins, i.e., trypsin and EDTA, and is hydrophobic in nature. It can be regenerated after trypsin removal by incubation in nonpermissive media. The role of the hemagglutinin in vivo is unclear, but it could possibly be the mechanism by which acquisition of host cellular components is achieved. This type of activity could induce severe perturbations in a host cell membrane and cause cellular alterations, cell death, and possibly nonspecific lymphocyte activation (27) . The other phase of M. pulmonis-cell association, adherence, although it is also hydrophobic in nature, utilizes different mycoplasma elements than does HA since it is not trypsin sensitive and occurs with untreated RBCs. The use of the RBC as a model for cell interactions has provided insight into the molecular events which occur between M. pulmonis and host cell surfaces. 
